SUMMARY. Cytosolic free calcium concentration was determined in isolated ventricular myocytes from adult rats with the calcium-sensitive indicator, quin 2. The fluorescence signal from resting cells indicated that cytosolic free calcium concentration was 181 ± 18 nM (mean ± SEM, n = 18). Inhibition of the sodium-potassium pump with strophanthidin (0.1 mM) resulted in an increase of cytosolic free calcium concentration from 186 ± 17 to 736 ± 129 nM (n = 6). The results indicate that it is possible to measure cytosolic free calcium concentration in cardiac muscle cells that have been isolated enzymatically. Moreover, they confirm the observation that inhibition of the sodium-potassium pump increases cytosolic free calcium concentration, presumably via the sodium-calcium exchange mechanism. {Circ Res 55:830-834, 1984) 
Measurement of Cytosolic Free Calcium Concentration in Isolated Rat Ventricular Myocytes with Quin 2
Shey-Shing Sheu, Virendra K. Sharma, and Shailesh P. Banerjee
From the Departments of Pharmacology and Physiology, University of Rochester, School of Medicine and Dentistry, Rochester, New York
SUMMARY. Cytosolic free calcium concentration was determined in isolated ventricular myocytes from adult rats with the calcium-sensitive indicator, quin 2. The fluorescence signal from resting cells indicated that cytosolic free calcium concentration was 181 ± 18 nM (mean ± SEM, n = 18). Inhibition of the sodium-potassium pump with strophanthidin (0.1 mM) resulted in an increase of cytosolic free calcium concentration from 186 ± 17 to 736 ± 129 nM (n = 6). The results indicate that it is possible to measure cytosolic free calcium concentration in cardiac muscle cells that have been isolated enzymatically. Moreover, they confirm the observation that inhibition of the sodium-potassium pump increases cytosolic free calcium concentration, presumably via the sodium-calcium exchange mechanism. {Circ Res 55:830-834, 1984) IT is widely accepted that Ca ++ plays a major role in the electrical and mechanical activities of cardiac muscle cells. Direct measurements of the free intracellular Ca ++ concentration ([Ca ++ ]j) in cardiac muscle preparations, unfortunately, are difficult. Several techniques, each possessing advantages and disadvantages, have been employed (for review, see Blinks et al., 1982) . The bioluminescent photoprotein, aequorin, can measure fast Ca ++ transients, but its sensitivity is poor for measuring resting [Ca ++ ]j (Allen and Blinks, 1978; Wier, 1980) . The Ca ++ -sensitive microelectrode can detect resting [Ca ++ ]i levels, but the measurements are subject to various degrees of error due to impalement damage (Marban et al., 1980; Lee et al., 1980; Sheu and Fozzard, 1982; Bers and Ellis, 1982) . The null-point titration method using arsenazo III can estimate [Ca ++ ]j only after the disruption of the plasma membrane (Williamson et al., 1983) . Recently, Tsien (1980) reported the synthesis of a fluorescent compound, quin 2, which has marked sensitivity for submicromolar concentrations of Ca ++ . This fluorescent indicator has been applied to measure Ca ++ in a variety of preparations particularly the nonexcitable cells (Tsien, 1981; Tsien et al., 1982) .
In the present studies, we introduced quin 2 into isolated myocytes from the rat ventricle and measured resting [ 
Methods

Isolated Myocytes
Isolated myocytes were prepared from the ventricles of adult male Sprague-Dawley rats (300-325 g) by enzymatic dissociation. The technique was modified from the methods of Farmer et al. (1983) , Kao et al. (1980) , and Onorato and Rudolph (1981) . Joklik tissue culture medium (Gibco) containing various concentrations of CaCl 2 , was used for the isolation of heart cells (Frangakis et al., 1980) . The medium was gassed with 95% O 2 + 5% CO 2 to maintain a pH of 7.4. The temperature of the perfusion medium was maintained at 37°C. Rats were anesthetized with ether, and 1000 U of heparin were injected into the tail vein. The thorax was opened and the heart along with a 5-mm section of the aortic arch were quickly excised. The heart was mounted on a plastic cannula inserted into the aorta and perfused with calcium-free Joklik medium (solution I) at a rate of 5 ml/min for a period of 5 minutes. The perfusion was then changed to a recirculating solution (solution II) containing collagenase (Worthington, type I, 100 U/ml and Worthington, type II, 100 U/ml), hyaluronidase (0.1%), bovine serum albumin (0.1%), and 50 /ZM CaCl 2 . The recirculating perfusion was continued for 20 minutes at a constant flow rate of 10 ml/min. The heart then was removed from the perfusion apparatus and trimmed free of atria and great vessels. The ventricles were cut into four pieces and placed in a 50-ml Erlenmeyer flask containing 5 ml of solution II. The heart slices were incubated for 5 minutes, with gentle agitation, in a water bath at 37°C to disaggregate the cells. Cell suspensions were then filtered through 250-/xm nylon mesh and washed extensively with Joklik medium containing 50 ^M CaCl 2 . This procedure of cell dispersion and collection was repeated three times. Cells were centrifuged at 37 g for 1 minute and resuspended in Joklik medium containing 50 MM CaCl 2 . This step was repeated twice. To avoid the calcium paradox (Zimmerman and Hulsmann, 1966) , the cells were incubated at 37°C for 60 minutes in Joklik medium containing 50 /IM CaCh-After incubation, the cells were centrifuged at 37 g for 1 minute and resuspended in Krebs-Henseleit solution containing (in millimoles per liter): NaCl, 120; NaHCO 3 , 25; KC1, 4.8; KH 2 PO«, 1.2; CaCl 2 , 1; MgCl 2 , 1.2; and glucose, 10, at pH 7.4.
Quin 2 Loading and Fluorescence Measurements
The quin 2 loading method was essentially similar to that reported by Tsien et al. (1982) . Briefly, cells (10 6 cells/ ml) were loaded by incubation with quin 2/AM (50 MM) in bicarbonate-buffered Krebs-Henseleit solution at 37°C for 20 minutes. The cells were subsequently diluted 10-fold and incubated for an additional 40 minutes. Hydrolysis of quin 2/AM was checked by monitoring the shift in the peak of the emission spectrum from 430 nm to 490 nm. After loading, the cells were centrifuged three times at 37 g for 1 minute and then resuspended in fresh KrebsHenseleit solution at room temperature to remove extracellular quin 2. Fluorescence was recorded with an Aminco-Bowman spectrophotofluorimeter. Monochrometer wavelength settings were 339 nm excitation and 490 nm emission with 5 nM slit widths. All experiments were done at room temperature to prevent quin 2 leakage from the cells (Berthon et al., 1984) .
Results Figure 1 shows a picture of isolated myocytes at original magnifications of 200X and 400X. Rodshaped cells which excluded trypan blue were considered healthy and viable. Round-shaped myocytes were considered damaged and nonviable. On the basis of these criteria, 85-90% of myocytes main- Part of the fluorescence signal comes from autofluorescence of cells (F min in Fig. 2) . Therefore, the effect of 70 IXM digitonin (which was dissolved in ethanol with a final concentration of 0.5%), and 25 mM EGTA on fluorescence was tested in unloaded cells. These agents produced no change in the intensity of fluorescence (record not shown).
It has been reported that cardiac glycosides increase [Ca ++ ]j when measured by Ca ++ -sensitive microelectrodes in intact cardiac muscle (Sheu and Fozzard, 1982) . Figure 3 confirmed (Lee et al., 1980; Marban et al., 1980; Sheu and Fozzard, 1982; Bers and Ellis, 1982) . Measurements with aequorin resulted in [Ca ++ ]i = 290 nM (Wier and Hess, 1984) and by arsenazo III gave [Ca ++ ]j = 270 nM (Williamson et al., 1983) or 230 nM (Murphy and Lieberman, 1983) . However, despite the similarity of the quin 2 measurements to those made by other techniques, one must consider the possibilities that might distort the present [Ca ++ ]j measurements.
(1) There is concern that cells may be damaged by ntinnntinnn fiflfl i I .
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formaldehyde released on ester hydrolysis (Tsien, 1981) . However, loading the cardiac muscle cells with quin 2 did not alter their viability, as determined by morphological examination. In addition, quin 2-loaded cells continued to contract, although with some attenuation, by electrical stimulation. (2) Quin 2 might be trapped in mitochondria. It has been shown that isolated rat liver mitochondria cannot accumulate quin 2, probably because of the lack of esterase activity (Tsien et al., 1982) . A recent study has shown that, in embryonic chick heart cells, there was no significant difference in the fluorescence measurements when quin 2 was released by either digitonin (which disrupts the plasma membrane) or triton X100 (which disrupts nonselectively all the membrane such as mitochondria) (Murphy et al., 1984) . (3) Quin 2 may leak out of cells. Alteration of the external Ca ++ concentration from 1 mM to 25 nM by the addition of 2.5 mM EGTA to a cell suspension before digitonin permeabilization resulted in a gradual rather than a sudden drop in the intensity of fluorescence. This suggested that quin 2 was monitoring intracellular Ca ++ rather than the extracellular Ca ++ concentration. Moreover, the shift of the peak of the fluorescence emission spectrum from 430 to 490 nm indicated the hydrolysis of quin 2/AM. (4) (Tsien et al. 1982) . Thus, if cytosolic free Mg ++ concentration in rat cardiac myocytes is similar to the intracellular Mg ++ concentration in sheep ventricular muscle of 3 mM ]j by this concentration of strophanthidin confirms the idea that inhibition of the Na-K pump may lead to an increase in [Ca ++ ]i via Na-Ca exchange (Reuter and Seitz, 1968; Baker et al., 1969) . The smaller increase in [Ca ++ ]i in this study may be explained by a shorter exposure time to strophanthidin and by the low sensitivity of rat cardiac muscle to cardiac glycosides (Repke et al., 1965; Allen and Schwartz, 1969) .
Finally, much effort has focused on the utilization of isolated cardiac myocytes to study electrical and mechanical properties of heart muscle cells. The direct measurement of [Ca ++ ]j in these myocytes will provide important information in understanding Ca ++ -regulated processes.
Addendum
Since submission of this manuscript, a similar study has appeared (Powell et al., Biochem Biophys Res Commun 122: 1012 -1020 . They have measured a mean [Ca ++ ]i value of 137 nM for rat ventricular myocytes, which is quite close to our value of 181 nM.
